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Introduction
The application of enzymes as biocatalysts in industrial processes has attracted increased attention in recent years due to several major advantages of enzymes compared to conventional catalysts. Enzymes originate from renewable resources and take part in green processes with a high catalytic selectivity under mild reaction conditions [1] . These advantageous properties make them attractive for specific applications like synthesis of targeted enantiomerically-pure chiral compounds relevant for pharmaceuticals. However, the disadvantage of enzymes for application at large scale and in continuous processes is their low long-term stability. In order to increase the attractiveness of enzymes for industrial processes, improving their long-term biocatalytic efficiency is a key target.
It is well known that an increase in enzyme stability, and consequently biocatalytic productivity, can be achieved through immobilization on solid supports [2] [3] [4] . In particular, polymers have shown high potential as enzyme carriers generating biocatalytic systems with an improved stability to external conditions, such as temperature, pH and reaction media [5] . The binding of enzymes on support surfaces can generally be established by adsorption, ionic or covalent bond formation. However, the positive effect in terms of stability is frequently offset by a loss in biocatalytic activity. One explanation is the decreased accessibility to the enzyme's active site by the substrate due to conformational restrictions by attaching the protein to the support material. In order to overcome this, the preservation of the natural environment for a specific enzyme has been identified to be of high importance [6] . This can be realized by chemical modification of the surface, such as by increasing the hydrophilicity of the surface.
Functionalization with poly(ethylene glycol) (PEG) for instance shows an improvement in enzymatic activity [7] .
Developments in reactor design and reaction conditions play an additional role in order to optimize enzyme efficiency and consequently entire biocatalytic processes. We recently reported that biocatalytic reactors with immobilized enzymes can exhibit differences in their overall productivity, depending on the local position of the enzymes within the flow field of the reactor [8] . Changing the surface pattern of a given amount of enzyme resulted in a different productivity. It was shown that optimization of the spatial distribution of the immobilized enzymes could thus lead to an improved reactor efficiency.
In order to test the influence of such modifications in continuous flow systems, microfluidic devices have been proven to be suitable due to their small size, low consumption of reagents and limited reaction volumes as well as high throughput combined with a high degree of reproducibility [9, 10] . Additionally, good heat and mass transfer in combination with laminar flow provide good control over reaction conditions [11] . Laminar flow restricts mixing to occur exclusively by diffusion, unless this is circumvented by specific microchannel configurations.
Heterogeneous reactions take place solely on the surface of the catalyst or on the surface that the catalyst is bound to. In these systems, diffusion shows a great impact on the overall reaction, which is influenced by many different parameters, such as flow rate, concentration, dimensions of the reactor geometry and reaction rate [12] .
Microfluidic systems are traditionally fabricated in glass or polymeric materials such as poly(methyl methacrylate) (PMMA) or poly(dimethylsiloxane) (PDMS) [13] [14] [15] . Especially PDMS has been used extensively for microfluidics due to the ease of fabrication and relatively low cost [16] . Mold casting enables the preparation of different reactor designs and has been applied for the development of biocatalytic microreactors. Hence, enzymes were immobilized on polymer microbeads [17, 18] or onto the reactor walls [19] . Alternatively, the formation of a surface patterned phospholipid bi-layer or an adsorbed protein layer [20] enabled the attachment of enzymes on the PDMS surfaces.
Direct protein and enzyme immobilization onto polymer surfaces in microfluidic devices in off-stoichiometric thiol-ene (OSTE) material is an interesting alternative to the currently used PDMS systems. OSTE thermosets have recently evolved into a very versatile platform, which have been successfully applied for fabrication of microfluidic devices [21] . Generally, OSTE systems consist of a multifunctional thiol and a multifunctional alkene (ene) reacting through thiol-ene chemistry (TEC) either under photochemical or thermal conditions [22] . OSTE networks are compatible with many organic solvents, are thermally stable and can be directly surface functionalized.
Material properties can be controlled by selecting from a large variety of reagents, which makes this system very versatile. The OSTE approach has recently been updated in order to improve mechanical properties as well as surface bonding, which is essential for the fabrication of microfluidics. In this OSTE+ system, Bisphenol A diglycidyl ether (BADC) undergoes a thiol-epoxy reaction in an additional, orthogonal curing step. This enables covalent sealing between interfaces of the precured material in order to prevent leaking under operating conditions, which is a well-known challenge in microfluidics [23, 24] . Mechanical properties of the thermoset can be controlled by stoichiometric variations between thiol and ene groups. Furthermore, off-stoichiometric ratios result in excess of unreacted functional groups, either thiol or ene [25] . These functional groups are well suited for further surface functionalization via photochemical TEC, which has been applied for tailoring surface properties [26, 27] or introducing different functional molecules [28] . Additionally, photochemical TEC on the surface offers a possible pathway for surface modification in various patterns by application of a stencil [29, 30] .
So far, OSTE(+) thermosets have been rarely used for the immobilization of enzymes. Lafleur and coworkers utilized OSTE monoliths for the immobilization of galactose oxidase and peptide-N-glycosidase F after surface activation by means of L-ascorbic acid linking groups [31] .
The performance of biocatalytic reactors can generally be improved by different approaches, such as the optimization of reactor architecture and geometries. Recently, Schäpper et al. developed a theoretical topology optimization of immobilization of yeast cells, which resulted in an 8-10 fold improvement in theoretical production rate [32] . Inspired by this approach and by applying isolated enzymes instead of whole cells, we demonstrated using computational fluid dynamic (CFD) simulations that in a laminar flow field of a square reactor with a distributed flow pattern, the biocatalytic reactor efficacy considerably depends on the positioning of the immobilized enzyme [8] . By varying computationally the topology of immobilized enzymes inside the microreactor, simulated reactor configurations with substantially improved productivities were obtained. To the best of our knowledge, reactor optimization based on the positioning of the immobilized biocatalyst within the reactor, either computationally or experimentally, has not yet been done.
The objective of this proof-of-concept study was the methodological development of a biocatalytic reactor, which enabled experimental and computational investigation of the effect of the local distribution of immobilized enzymes towards the overall reactor efficacy. The correlation between experimental and computational results should demonstrate the potential of CFD simulations to predict the biocatalytic performance of such reactors, and would thus open up for the use of CFD for optimization of the microfluidic reactor configuration. In order to achieve this, an enzymatic microreactor containing immobilized horseradish peroxidase as a model enzyme in distinct surface patterns was developed. A square reactor geometry was selected in order to achieve a specific flow pattern characterized by a velocity distribution across the reactor. The laminar flow within the reactor made it possible to assess the impact of selectively distributing the immobilized enzyme on the overall reactor productivity.
The impact of the spatial distribution of surface immobilized HRP towards the biocatalytic performance was determined and the results were correlated to those obtained from CFD simulations. This strategy offers a possibility for reactor development and can facilitate the optimization process of new catalytic reactors.
Experimental

Materials
Pentaerythritol tetrakis(3-mercaptopropionate) (PETMP, >95%), 1,3,5-Triallyl-1,3,5-triazine-2,4,6(1H,3H,5H)-
allyl bromide (97%), disperse red 1 (95%), potassium hydroxide, 18-crown-6-ether, allyl glycidyl ether (>99%), horseradish peroxidase (HRP, lyophilized powder, 50-150 U mg -1 ), 2,2′-Azino-bis(3-ethylbenzothiazoline-6-sulfonic acid) diammonium salt (ABTS, ≥98%), hydrogen peroxide (3%), toluene and THF were obtained from Sigma Aldrich and used without further purification. Lucirin TPO-L (ethyl-2, 4, 6-tri-methylbenzoylphenyl phosphinate) was purchased from BASF. Sylgard 184 -poly(dimethylsiloxane) (PDMS) elastomer kit was purchased from Dow Corning.
Characterization
NMR spectroscopy was carried out on a Bruker Avance 300 MHz spectrometer. Chemical shifts are given in ppm. PMMA plates, one on top and one at the bottom, were fixed at the microchip and by employing several clamps; the system was mechanically sealed in order to provide best contact. Subsequently, the microchip was thermally cured at 80 °C under vacuum for 2 h. The resulting sealed microchips were used without further treatment.
Microchip preparation
Synthesis of allyl disperse red 1
18-crown-6-ether (12.9 mg, 0.048 mmol), THF/water (10 mL, 99.5:0.5 vol%), potassium hydroxide (0.693 g, 12.1 mmol) and disperse red 1 (1.00 g, 3.03 mmol) were added into a round bottom flask and stirred at room temperature for 1 h. Allyl bromide (0.81 mL, 9.08 mmol) was subsequently added at room temperature. The solution was stirred for 21 h until the substrate was fully converted, which was determined by thin layer chromatography in heptane/ethyl acetate (60:40). After addition of ammonium chloride solution (NH 4 Cl, 20 mL, 2 M), the reaction solution was extracted with dichloromethane (5x20 mL). The organic phase was dried over MgSO 4 , filtrated and subsequently concentrated in vacuo leading to a dark red solid powder as the final product (1.18 g, 86 % yield).
Microchip surface modification with allyl disperse red 1
An allyl disperse red 1 (83. 
Microchip surface modification for enzyme immobilization
For the surface modification, 174 µ L allyl glycidyl ether (1.47 mmol, 0.29 mM) and 4.83 mL toluene (containing 0.78 mM benzotriazole) were added into a vial. During the entire procedure light exposure of the reaction solution was minimized by covering vials and syringes with aluminum foil. Subsequently, 51.6 mg of Lucirin (0.163 mmol, 33 mM) were added and the solution was homogenized by mixing using a Vortex mixer. Before filling the microchip with the reactive solution, a black polypropylene (PP) stencil mask (with specific pattern) was attached on top of it. Additionally, the bottom of the chip was also covered with a black PP mask. Then, an aliquot of the light sensitive solution was added into the cavity of the microchip using a syringe. The microchip was then irradiated with UV light (λ= 365 nm, 1.0 mW cm -2 ) from the top for 3 min and subsequently covered with aluminum foil and flushed continuously with 50 mL of toluene for 180 min. The solvent was evaporated in a vacuum oven at room temperature.
Horseradish peroxidase immobilization
The surface modified microchips were filled with HRP solution (1.0 mg mL -1 in PBS buffer pH 7.2) and incubated for 15 h at 4 °C. Then, the supernatant immobilization solution was removed and the microchip was flushed with 25 mL of PBS buffer (pH 7.2) within 1 h.
Activity study
The microchip was filled with phosphate buffer (0.1 M, pH 5). Subsequently the inlet of the microchip was attached to a syringe pump and the outlet to a UV-Vis detector for online absorbance measurements [33] . A schematic drawing of the setup can be found in the supporting information (SI- Fig. 1 ).
Computational fluid dynamic simulation
Each microreactor geometry was designed and discretized in calculation elements using the software ICEM CFD® The immobilized enzyme is defined as a wall on which the reaction occurs. The enzyme concentration on the surface was determined considering that the diameter of an enzyme molecule is assumed to be roughly 10 nm.
From the area of a molecule (7.85·10 -17 m 2 ), the maximum concentration of enzyme that can be immobilized in a monolayer is calculated as 2.12·10 -8 mol·m -2 [35] . The dimensions of the immobilization areas in the CFD simulation are the same as the areas of the experimental work.
The performance of each structure was evaluated by considering the average product concentration at the outlet at steady state as the performance indicator.
Results and discussion
In Figure 1 the fabrication process of the thiol-ene-epoxy based microreactors is illustrated, including the used monomers (A), the photochemical (B) and the subsequent thermal (C) curing step. As base compounds PETMP, TATATO and BADC (see Figure 1A ) were used in a ratio of 2.0:1.0:0.25.
The liquid mixture was cured in a PDMS mold using lucirin as a photoinitiator and UV light (λ=365 nm), as illustrated in Figure 1B . After crosslinking, the upper and lower part of the microchip were assembled and residual epoxide and thiol groups were utilized in a thermal bonding reaction at the interface, which resulted in a stable and leakage-free microreactor (see Figure 1C ). The geometry of the microreactor is based on a square shape with a length and width of 30 mm and a thickness of 0.25 mm with an inlet and outlet channel of 10 mm in length and width located at the two opposite ends of the reactor, as can be seen in Figure 2A . The reactor was prepared using a thiol-ene mixture with excess of PETMP, which leads to residual unreacted thiol groups within the bulk material and on the reactor surface. These free thiol groups on the microreactor surface permit functionalization of the surface after assembly of the microfluidic system. each of which 32 were modified) were prepared. In order to test and visualize the surface patterning, an allyl functional disperse red dye was used as shown schematically in Figure 2B . The high selectivity of the reaction permits direct and accurate replication of the applied stencils as shown in the photographs of the final surfaces in Figure 2C . Additionally, due to the use of benzotriazole as UV-absorber, significant reaction selectivity for the irradiated surface was obtained. In fact, by irradiation from the top, exclusively the upper surface of the reactor cavity was modified with the allyl disperse red leaving the bottom surface unreacted. An image of the upper and lower surface after photochemical reaction with the red dye can be found in the supporting information (SI- Fig. 2 ).
The surface modification procedure offers a controlled area functionalization with high selectivity for the irradiated surface by UV initiated TEC. Replacement of the dye with allyl glycidyl ether undergoing the same TEC leads to surface patterned epoxides, which are known to covalently bind enzymes via ring-opening with free amine residues from the enzyme structure [36] . The reaction scheme from surface modification with allyl glycidyl ether and subsequent covalent immobilization of horseradish peroxidase (HRP, EC 1.11.1.7) can be seen in Figure 3 . Figure 3 . Microchip functionalization of remaining surface thiol groups using allyl glycidyl ether via UV initiated thiol-ene reaction and subsequent covalent HRP immobilization with introduced epoxide groups on the microreactor surface HRP dissolved in PBS buffer was immobilized on the epoxy patterned reactors by overnight incubation. HRP is a well-studied enzyme, which oxidizes a wide range of aromatic compounds in the presence of hydrogen peroxide (H 2 O 2 ). It can be widely applied in bio-sensing, medical diagnostics and other biomedical applications [37, 38] . The quantification of the immobilized amount of HRP was attempted using the Bradford assay [39] and the bicinchoninic acid (BCA) assay, which were in both cases inconclusive due to the low concentration of enzyme and interference with residual thiol groups on the surface, respectively [40] . Quantification using fluorescently labeled enzymes on thiol-ene surfaces confirmed the presence of immobilized enzymes on the surface, but could not be used to determine the amount of attached enzyme due to background fluorescence from the material (see SI- Fig. 3 ).
Therefore, the exact quantification of the enzyme concentration on the surfaces is not possible.
In the presence of H 2 O 2 , HRP catalyzes a one-electron oxidation of 2,2′-azino-bis(3-ethylbenzothiazoline-6-sulfonate) (ABTS) to a radical cationic product (ABTS
•+
). The absorbance maximum of ABTS at 340 nm (ε 340 =3.6
x 10 4 M -1 cm -1 ) is shifted to 414 nm (ε 414 =3.6 x 10 4 M -1 cm -1 ) for its oxidized product ABTS
•+
, from which the activity of immobilized HRP can be determined [41] . Kinetic parameters of immobilized HRP have been studied previously in a microfluidic packed bed reactor [18] , monolith structures [42] or on planar surfaces [43] . It has been
shown that apparent enzyme kinetics vary greatly depending on the applied configuration, flow rate and type of immobilization compared to that of enzymes free in solution. In this study, HRP was uniformly immobilized via covalent bonding on the same support, which resulted in the same individual activity for all immobilized enzymes.
However, their contribution to the overall reactor activity is a function of many parameters, including flow rate mass transfer, diffusion but also the spatial distribution of the immobilized enzymes in the microreactor. The used concentrations of ABTS and H 2 O 2 were significantly higher than required for the applied conditions in order to ensure large excess of substrates. The overall reactor performance of the individual configurations was constantly The main focus of this study was the determination of the effect of enzyme distribution over the reactor surface and the specific system was therefore designed only to illustrate the impact of different surface patterns. Therefore, the product absorbance for the individual patterns is additionally shown relative to the respective modified surface area, which allows direct comparison of the reactor efficiency between the selected patterns (see Figure 5A ). The areas of the individual activated surface patterns were calculated from the applied photomasks (see SI- Table 1 ). where red surfaces illustrate a high and blue surfaces a low product concentration.
Investigating the impact of different patterns demonstrated a slightly reduced absorbance per enzyme area (by 23%) for the microreactor with half of the area covered compared to the fully modified surface, which was not entirely plausible due to symmetry of the pattern, but was finally attributed to experimental inaccuracy. However, the fine and the coarse checkerboard structures exhibited an increased efficiency with 81 and 56 % higher absorbance per active area than the fully modified surface, which demonstrates a significant improvement in product concentration relative to the functionalized surface area or in other words, amount of immobilized enzyme.
In fact, it is clearly demonstrated here that the enzyme distribution over the surface affects the overall activity of the microreactor. This improvement of the reactor productivity is influenced by a series of other factors such as flow conditions, substrate diffusion rates and local substrate concentrations. The flow within this reactor geometry is characterized by a gradient, in which the highest velocity is present in the center of the reactor and a reduced velocity at the sides. The difference in velocities across the reactor can consequently influence the mass transport and mixing of the fluid. Therefore, the accessibility of substrate for the enzyme near the surface depends on the position and the local conditions. The selection of this particular reactor design was used in order to generate this complexity of overlapping phenomena.
Computational fluid dynamic (CFD) simulations were conducted in order to validate the experimentally determined performance of the microreactors as a function of the different enzyme immobilization patterns, the impact of the laminar flow conditions, geometry and material transport limitations (diffusion). The product concentrations at the outlet of the reactor for each modified surface area were determined, as presented in Figure 5A (red) and visualized in different patterns, as shown in Figure 5B .
In the flow simulations under steady-state condition all parameters were selected to reflect the experimental setup, such as dimensions of the microreactor, outlet, inlet and immobilization patterns, flow rates, substrate concentrations and theoretical diffusivity. Therefore, it is not possible to compare the results from the experimental and the computational results directly, but merely the trends. Using the same surface patterns, the CFD simulations exhibit the same trend in terms of reactor efficiency as seen in the experimental setup (see Figure 5A , red). The simulation of the full and half modified surface show very similar product concentrations relative to the activated surface area. Similarly for the experimental results, the product concentration obtained from CFD simulations showed an increase of 78 and 57 % for the fine and the coarse checkerboard structure compared to the fully modified surface. The experimental results and computational findings correlate well and demonstrate a clear dependence of the overall product formation relative to the distribution pattern of enzymes on the modified surface area.
Conclusions
In order to demonstrate how the position of immobilized enzymes influences the biocatalytic efficacy of a reactor and thus, how reactor performance can be predicted; we have developed a method that correlates experimental results with microreactors containing patterned immobilized enzyme surfaces to CFD simulations as a proof-ofconcept study. Initially, an experimental setup was prepared in which HRP could be selectively immobilized in specific patterns onto the surface of an OSTE+ microfluidic reactor. OSTE+ based microfluidic devices were surface modified with allyl disperse red, illustrating the effect of applied stencil masks, and with allyl glycidyl ether enabling the covalent immobilization of HRP. High selectivity of the stencils and exclusive functionalization of the directly irradiated surface was achieved by use of a UV absorber. The performance of the microreactors was significantly influenced by patterning of the enzyme on the surface and two checkerboard structures (fine and coarse patterns) showed an increased efficiency compared to a half area covered reactor, even though the total area of immobilized enzyme was similar. These results correlated very well with CFD simulations of the same reactor designs, illustrating that the configuration pattern plays a significant role in explaining the outstanding performance of the two checkerboard structures. The good agreement between experimental and computational results demonstrates the potential of computational models in order to predict and optimize the performance of such reactors. Further reactor optimization using computational simulations in combination with experimental reactor preparation is the subject of ongoing research.
